Salmonella typhimurium is an important facultative intracellular pathogen that remains a major cause of mortality and morbidity worldwide. Because S. typhimurium is closely related to Escherichia coli (4, 36) , much of the knowledge that has been obtained about these two organisms is interchangeable. However, they differ in several important respects, most notably in their ability to use certain carbon sources and to invade and survive in phagocytic cells. Currently, about 1,160 genes of S. typhimurium have been catalogued (43) . Many of the genes are expressed only under particular conditions, and by extrapolating from studies of E. coli, it can be estimated that about 2,000 proteins are expressed in cells grown in glucose minimal medium (33) .
As increasing numbers of complex, overlapping regulons are uncovered, the need to study the expression of many proteins in parallel has become apparent. Additionally, results from systematic genome sequencing projects with various organisms indicate that between one-fifth and one-half of the open reading frames identified to date do not have homologs in databases (10, 14, 15, 40, 46) . Thus, even with relatively wellstudied organisms such as S. typhimurium, it will be necessary to characterize their proteomes, i.e., the total set of expressed proteins, to establish which unidentified open reading frames are expressed in vivo and under what conditions expression occurs.
One technique that potentially fulfills these requirements is two-dimensional gel electrophoresis, which separates hundreds of polypeptides orthogonally by their isoelectric points and molecular masses (37, 52) . In this paper, we present a twodimensional reference map for proteins of the particulate (cell envelope) fraction of S. typhimurium SL1344. This strain, which is a genetically marked subline of a calf-virulent isolate (57) , has been extensively used for studies on Salmonella pathogenicity and vaccine development (see, e.g., reference 23). By using N-terminal microsequencing, we have identified and assigned 49 polypeptides associated with the cell envelope, several of which appear to be novel.
To prepare cell envelope fractions, mid-exponential-phase cells were washed in 0.9% NaCl, resuspended at a concentration of ϳ5 ϫ 10 8 ml Ϫ1 in phosphate buffer (pH 6.0) containing 5 mM phenylmethylsulfonyl fluoride, and sonicated with an MSE Soniprep 150. Following centrifugation (300 ϫ g, 10 min, 4ЊC) to remove unbroken cells, the supernatant was removed and centrifuged at 32,000 ϫ g for 40 min at 4ЊC. The pellet, containing insoluble proteins and large macromolecular complexes, was washed twice with distilled water prior to suspension in solubilization buffer (9 M urea, 2% [wt/vol] Triton X-100, 2% 2-mercaptoethanol, 2% Pharmalyte 3-10, and 8 mM phenylmethylsulfonyl fluoride). The suspension was respun at 32,000 ϫ g, and the resulting supernatant was precipitated with acetone for 2 h at Ϫ20ЊC. Following centrifugation (Eppendorf 5414 microcentrifuge, 10 min, room temperature), the pellet was resuspended in solubilization buffer in preparation for electrophoresis. Two-dimensional gel electrophoresis was performed with a Multiphor II (Pharmacia) horizontal unit with immobilized pH gradients (pH 4 to 7) and sodium dodecyl sulfate (SDS)-polyacrylamide gels (8 to 18% polyacrylamide gradient) as previously described (19, 42) . Following electrophoresis, proteins were electroblotted or detected by staining with Coomassie brilliant blue or by silver staining. We found that the majority of protein spots migrated to approximately the same positions after each run (Ϯ 2 mm), so that gels were frequently superimposable. Proteins in the gels were electroblotted onto polyvinylidene fluoride membranes (30) , and transferred protein spots were detected by staining with amido black prior to their excision for sequencing. The N-terminal sequences of the protein spots were determined by sequential Edman degradation as previously described (42) .
Assignment of Salmonella homologs of E. coli proteins. Figure 1 shows the protein profile obtained with the cell envelope fraction of S. typhimurium SL1344. Of the 53 spots excised, only 4 failed to give sequences, presumably because of posttranslational modification of their N termini. The derived sequences were used to search protein databases (Swiss-Prot, PIR, Haemophilus influenzae Rd, and Mycoplasma genitalium databases) for similar proteins. Of the 49 N-terminal sequences, 39 produced matches with proteins in the databases, and as expected, the most related matching proteins were usually from E. coli or S. typhimurium (Table 1) . In every case, the M r of the matching protein was in good agreement with the experimental M r for the relevant E. coli or Salmonella protein, further supporting the validity of the protein identification approach. In one instance, two spots with the same M r but different pIs yielded sequences matching the OmpA outer membrane protein. Although some form of posttranslational modification cannot be ruled out, it is more likely that the presence of two protein species is due to the well-known heatmodifiable properties of OmpA (17) .
Identification of previously hypothetical proteins and homologs of non-E. coli proteins. Several of the Salmonella proteins appear to correspond to previously hypothetical proteins, known only from DNA sequence analysis of open reading frames. For example, the pI, M r , and N-terminal sequence of spot 35 agree well with the corresponding values for YciD, a hitherto hypothetical E. coli protein specified by open reading frame ytt4 in the tonB-trpA intergenic region (50) . It is likely that the spot 35-YciD protein resides in the outer membrane of S. typhimurium since its E. coli homolog is related to two outer membrane proteins from other gram-negative bacteria [AlkL and OmpW of Pseudomonas putida (oleovorans) and Vibrio cholerae, respectively]. Similarly, spot 39 appears to be the Salmonella equivalent of the YhbG protein, another previously hypothetical E. coli polypeptide that is specified by a gene in the ntrA-rpoN 5Ј region (24, 41) . The results of sequence similarity searches strongly suggest that it is a member of the ABC transporter superfamily. The N-terminal sequence of spot 34 matched that of a 26-kDa antigenic protein from Helicobacter pylori for 11 of 16 residues, indicating that a protein that was previously thought to be species specific (38) may be more widespread.
Identification of abundant Salmonella proteins lacking database homologs.
Ten proteins showed no significant matches with any sequence in the databases, indicating that they may be novel. The copy numbers of these proteins, estimated by comparison with ATP synthase subunits and by assuming that there are ϳ3,000 ATP synthase complexes per cell (53) , suggest that they are relatively abundant in the particulate fraction of S. typhimurium (ranging from ϳ500 copies per cell for spot 50 protein to ϳ5,000 copies per cell for spot 29 protein). Hence, they may perform important physiological roles. The fact that over 20% of the Salmonella proteins sampled in this study appear to lack homologs in the databases is likely to reflect our present incomplete knowledge of even this relatively well-characterized organism. The availability of N-terminal sequence data for these proteins should facilitate the design of oligonucleotide probes for the isolation and characterization of the corresponding genes.
The subcellular location of the identified proteins. The protein profiles obtained with the cell envelope and soluble fractions of SL1344 are very different, indicating that there is little cross-contamination between the fractions (see Fig. 1 of reference 42) . Nevertheless, some proteins that function in cytoplasmic processes were consistently detected in the cell envelope fraction. In most of these cases, the polypeptides in question are part of large multiprotein complexes and hence readily cosediment with membrane fragments during cell en-FIG. 1. Two-dimensional polyacrylamide gel electrophoresis of the cell envelope fraction of S. typhimurium SL1344. Polypeptides were separated according to their pIs by using immobilized pH gradients (pH 4 to 7) in the first dimension and by M r in the second dimension (SDS-polyacrylamide gels [8 to 18% polyacrylamide]). Following staining, gels were scanned with an Epson GT8000 scanner and analyzed by use of two-dimensional image analysis software (Phoretix). The copy numbers of proteins of interest were estimated by comparison with identified ATP synthase subunits and by assuming that there are ϳ3,000 ATP synthase complexes per average cell under aerobic conditions in Luria broth medium (53) . The spot numbers in the figure correspond to those listed in Table 1. VOL. 178, 1996 NOTES 5033 (48) . Similarly, it has recently been reported that trigger factor specifically associates with the 50S ribosomal subunit (49) . In other cases, definitive information on the subcellular location is not yet available. Because such proteins are found in cell envelope preparations, it may be preferable to use the term particulate fraction when referring to proteins isolated by this procedure. An important use of the reference map may be to identify proteins in other Salmonella strains. To test this application, the protein profiles of SL1344 and TA2367, an LT2-derived strain that constitutively expresses PhoP-activated genes because of the presence of the pho-24 mutation (27), were compared at high resolution (Fig. 2) . As might be expected in view of their different ancestries and genotypes (29, 44, 57) , the two strains show many differences, most notably the complete absence of phase 1 flagellin in TA2367. However, their overall patterns are rather similar, suggesting that the reference map may be helpful in assigning proteins in other strains of Salmonella. A detailed study of differences in protein levels between TA2367 and its parental strain should identify the majority of PhoP-regulated proteins and hence shed light on Salmonella adaptation to life in a macrophage. Additionally, the effects of different growth conditions on the expression of all of the identified proteins can now be determined. Such studies should provide valuable clues about the physiological roles of the novel proteins identified in this study.
We thank Bruce Stocker and Renato Morona for strains SL1344 and TA2367, respectively; Denis Hochstrasser, Ian Giles, and Christian Pasquali for useful discussions; and Karen Platt for excellent technical assistance.
This work was supported by grants from the BBSRC (food-borne diseases and ISIS initiatives), the Wellcome Trust, and the Wessex Medical Trust. Fig. 1 . b Proteins were identified by searching databases (Swiss-Prot, PIR, H. influenzae Rd, and M. genitalium databases) with the N-terminal sequences derived by microsequencing. A positive identification was scored when the N-terminal sequence had Ͼ65% sequence identity with an N-terminal sequence (or within 50 residues of it) of a protein in a database.
c Values were predicted from the amino acid sequences of the mature forms of the proteins. d Unless otherwise specified, remarks pertain to Salmonella polypeptides. e ND, not determined. f NA, not applicable. g It was not possible to calculate the theoretical pI and M r of this protein because only the first 198 residues of the sequence were available in the database. h The M r and pI of this protein were estimated from two-dimensional gels because only partial amino acid sequence data are available.
